We propose a novel mechanism that, in two-component dark matter models, the subdominant one can thermalize the dominant one in galaxies, and leads to core density profiles. We take ultralight dark photons and GeV-TeV Dirac fermions as an example, with a U (1) coupling between the two dark matter candidates. This mechanism is significantly different from the self-interacting dark matter, due to three effects: 1) large occupation number enhancement, 2) forward-backward scattering cancellation, and 3) multiple scatterings required for the heavy dark matter. Unlike the fuzzy dark matter solution to the small structure problems having tension with Lyman-α, the ultralight dark photons with mass 10 −21 eV can have a core profile through interactions with ψ and are not constrained by other astrophysical observations.
Introduction. There are plenty of cosmological and astrophysical evidences of dark matter (DM) with the gravitational interactions, but the nature of it is still a mystery. From the theoretical point of view, the mass of DM is largely unknown. One of the well-motivated scenarios is the weakly interacting massive particles (WIMP). Another possibility is ultralight oscillating fields with a large occupation number in the Universe. The candidates of these fields are the QCD axion [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , axion-like particles (ALPs) [12] [13] [14] [15] and dark photons [16] [17] [18] , etc.
Astrophysical observations give hints on the property of DM, which can shed light on the future dark matter searches. It is well-known that DM is successful in explaining the large scale of the Universe, but has some tension in the small scale, which either requires a better understanding of the baryonic physics [19] [20] [21] [22] [23] [24] [25] [26] [27] , or implies new features for DM. The small scale issues are cusp/core problem [28] [29] [30] , missing satellite problem [31] , and too-big-to-fail problem [32] [33] [34] [35] . The explanations of these small scale observations through DM include: self-interacting dark matter (SIDM) [36, 37] with the interaction cross-section σ/m ∼ cm 2 /g; ultralight bosonic (fuzzy) DM [38, 39] with the mass of order 10 −22 eV. Baryonic effects can possibly solve these issues, but this has not been completely settled yet. Recently, a study of isolated dwarf galaxies shows that if there is already a core present in the halo, baryonic feedback will not appreciably lower the density profile further [40] .
The first motivation of this work is to emphasize that any interactions can finally make the system equilibrium, thus lead to redistribution of DM density in galaxies. This should not be limited to DM self-interactions. One natural possibility is that a subdominant component of DM thermalizes the dominant one through interactions between them. In SIDM, two DM particles exchange their momentum in one collision. While in this work, two particles of the dominant DM separately scatter with the subdominant DM and exchange their momentum indirectly through the other DM, but the effect is equivalent to the direct exchange. Thus, the DM density and velocity distribution will reach its equilibrium in the end, and the time cost depends on how strong the interactions are and how dense the system is. In the center of galaxies, where the DM density is higher, the thermalization process is expected to be faster.
The scenario that we are considering contains two components of DM. The self-interactions are negligible, but the interactions between them are sizable to explain the small structure observations. We dub this scenario Co-Interating Dark Matter (CoIDM). One DM candidate is ultralight bosonic fields. The 10 −22 eV bosonic fields as a fuzzy DM can potentially solve the small structure issues, due to its Broglie wavelength of ∼ kpc. However, the fuzzy DM has tension with the Lyman-α constraints [41] [42] [43] [44] [45] [46] . For larger mass, the Lyman-α constraint is evaded, but its behavior is similar to the cold DM at the galactic scales, thus the small scale problems remain. We will show that by adding interactions with the other DM, ultralight fields as the dominant DM can have a core profile for mass larger than ∼ 10 −21 eV, and solve the small structure issues. This point serves as the second motivation for this work.
The models. Here we introduce a simple model for CoIDM. It contains an ultralight vector DM, dark photon A , obtaining its relic abundance by non-thermal processes in the early Universe, for instance, through inflationary quantum fluctuations [18] , parametric resonances [47] [48] [49] [50] , and cosmic strings [51] . The other component is fermionic particles ψ, interacting with A via U (1) gauge coupling g ,
Summing the fractions of relic abundance for the two DM gives the total DM abundance, F A + F ψ = 1.
Interaction rates and small scale structure. The SIDM reaches its kinetic equilibrium in the center of galaxies, where it forms core density profiles; outside the central regions, it has less than one collision per particle 
where C is the collision kernel to decide the time scale for N to reach equilibrium. Thev i term is proportional to the forces on A or ψ, which can come from the gravitational potentials or from the fields themselves. For the scattering process of
where the limits of the Bose enhancement N A 1 and non-relativistic DM are taken. The leading collisional kernel for dark photon A is the same as eq. (3), up to substituting
Due to the mass hierarchy m A m ψ and the large occupancy number N A 1, the interaction rates have several distinct features from ordinary particle scatterings:
• enhancement from the large occupation number in the final state. In the galaxies, the velocity dispersion v 0 of A is O(10 −3 ), and A has a typical momentum of about m A v 0 . Therefore, the occupation number of A is estimated as
In terms of classical physics, the above process is the Thompson scattering with stimulated A emission. It is the dark photon version of the laser emission, that the off-shell ψ in the scattering diagram plays the role of excited atoms in laser physics.
• suppression from the forward-backward scattering cancellation. In eq. (3) and (4), the collision kernel contains the cancellation from inverse scattering, specifically in the N • suppression from multiple scattering requirement for ψ. Scattering once changes the momentum of ψ by a small amount, ∼ m A v 0 . In order to thermalize ψ and form a core density profile, the momentum change has to be ∼ O(1)m ψ v 0 . Therefore, multiple scatterings for ψ is necessary, and the number of A -ψ collision should be around
A as the result of random walking. Therefore, the effective interaction rates for ψ should pay the penalty factor m 2 A /m 2 ψ accordingly. This argument does not apply for A (or SIDM), since one collision is normally enough to change the momentum of lighter (or equal mass) DM by O(1) factor. The other way to understand this multiple scattering suppression is to consider the momentum exchange rate instead of single A -ψ collision rate, then the suppression factor is automatically included.
Having ψ and A with similar velocities in the galaxies, and considering the suppression and enhancement effects above, the effective interaction rate of ψ is estimated as,
where the cross-section for ψA → ψA scattering is
and v rel is the relative velocity between ψ and A . The effective interaction rate for A does not need multiple scatterings,
Due to the large ratio of m ψ /m A , normally the collision rate for A is much larger than the collision rate for ψ, Γ A Γ ψ . To reach the kinetic equilibrium and form core profiles, the momentum exchange rate from A -ψ collision should satisfy Γ ∼ 0.1Gyr −1 for the dominant DM [37] . This depends on the density and velocity of DM in the galaxies. In the central region of typical Dwarf galaxies, ρ DM ∼ 0.1M /pc 3 , and velocity dispersion v 0 ∼ 10km/s [52, 53] . When A and ψ are in the same DM halo, v rel ∼ v 0 is a good approximation. We will use these requirements to map out the parameter spaces for the
F ψ . In Dwarf galaxies, the effective collision rate for the dominant A is
Comparing with Γ eff A , the collision rate Γ eff ψ will be much smaller than 0.1Gyr −1 due to the multiple scattering suppression. Therefore, DM ψ should behave similarly to the collisionless DM, unless g is big enough to form core profiles by ψ-ψ self-scattering.
This rate is m ψ /m A times smaller than Γ eff A , such that the subdominant A will change its momentum much shorter than the galactic time scale. We expect that the collision with A will cool the DM ψ to have the equal partition of kinetic energy, since A has much larger number density, and the A kinetic energy is much smaller than ψ as it starts. It will dissipate the energy of ψ at a typical time scale of 1/Γ eff ψ . The cooling will lead to a denser and smaller core for ψ. Therefore, the ψ dominant case is hard to form core profiles through interactions with the dark photons.
Constraints. In Fig. 1 , we plot the parameter spaces for the A and ψ dominant cases that effective interaction rate equals to 0.1 Gyr −1 in the Dwarf galaxies. The ultralight vector A can be constrained by the black hole superradiance [54] , and the future reaches from LISA [55] are also plotted. The Lyman-α constraint excludes m A 10 −21 eV [41] [42] [43] [44] [45] [46] , which is shaded by gray in the plot.
Furthermore, we have checked the subdominant ψ selfscattering rate Γ self ψ = n ψ σ T v rel , with momentum transfer cross-section σ T from [56] including Sommerfeld enhancement. The ψ self-scattering rate depends on m ψ , g and F ψ , but not quite on m A , because m A m ψ v 0 . We plot the corresponding g for Γ self ψ ∼ 0.1 Gyr −1 in typical Dwarf galaxies as an intersection line in the band. When g is smaller than that, ψ is close to the collisionless and have a cuspy profile. For σ T /m ψ larger than that, it will have quite strong self-interaction, however as long as its density fraction F ψ 23%, it is not limited by bullet cluster [57] .
Next, we further consider the astrophysical constraints on CoIDM model, including galaxy mergers [58] [59] [60] , subhalos moving in their parent halos [61] and halo shapes [37, 62] . in the collision kernels. When v rel is much larger than the escape velocity of the subhalo, the Bose enhancement can vanish. In this case, the next order results for the collision kernels C ψ,A , given in the supplemental material, need to be considered.
Starting with galaxy mergers, we consider the Bullet Cluster as a generic example [57, [63] [64] [65] . For SIDM, the self-interacting cross-section satisfies σ/m O(1)cm 2 /g, such that the DM halos will be well-separated and consistent with the gravitational lensing observations. For CoIDM, the constraint is that the momentum exchange rate times the Bullet Cluster crossing time should be smaller than 1, Γ eff t cross < 1. With offset ∼ 25kpc and relative velocity v BC rel ∼ 4000km/s [37] , the crossing time t cross of Bullet Cluster is about 6 × 10 2 ∼ 10 −7 N A . Furthermore, the density of Bullet Cluster, ρ BC ∼ 10 −3 M /pc −3 [66] is smaller than Dwarf galaxies, so we conclude that the Bullet Cluster does not give severe constraints to the CoIDM model for the A dominant case.
When the collisions happens between A and ψ from individual halos, the rates for ψ are different from the ones in the same halo. By neglecting the velocity dispersion of A in the other halo, A have a monochromatic velocity v rel in the ψ's point of view. Therefore, the momentum change for ψ in each collision can add up in the moving direction, since it is a head-on collision. As a result, the factor of random walk (m ψ /m A ) 2 is substituted by the number of head on collisions needed ∼ m ψ /m A . The collision rate is
We apply the model parameters in eq. (10) 13 Gyr −1 in the ψ dominant case. From this collision rate, it seems that the ψ DM is subject to a severe constraint from Bullet Cluster. However, if the velocity distribution is deviated from Maxwellian, or have a smaller escape velocity, the final state Bose enhancement will not happen and the constraint is avoided. We conclude for ψ dominant case, the Bullet Cluster could be relevant but strongly depends on velocity distribution.
The same argument in the cluster merger should be applied when subhalos travel in the main halos [61] . It is found that the main halos usually have larger velocities, and much smaller density compared to the subhalos at the same position [67] [68] [69] [70] [71] [72] . Especially, the substructures have a strong preference to appear in the outer regions of the main halos, which further enlarges the density difference between them [71] . And the Bose enhancement is suppressed by e
2 due the large v main rel . All this effects lead to a similar conclusion that the subhalo DM is not destroyed by the main halo for the A dominant case. For the ψ head-on collisions, it depends on the velocity distributions of the final states.
The last constraints that we consider is the halo shapes from the observations of the elliptical galaxies and clusters [37, 72] . It is known that the thermalization of SIDM in the center makes the halos more spherical, while the collisionless DM has the minor-to-major axis ratio about 0.6 − 0.7 [62] . In A dominant CoIDM, the subdominant ψ is collisionless in the galaxy time scale considering a relatively small g , e.g. g lower than the intersection line in Fig. 1 . It is expected to have density profiles and minor-to-major axis ratio similar to the cold DM. The scattering rate of A is proportional to the density of ψ, thus the shape have the tendency to follow the density profile of ψ. Moreover, since we fix the collision rate for A to 0.1 Gyr −1 in Dwarf galaxies, the rates in galaxy and clusters are much smaller. Therefore, the halo shape constraints should not apply to A dominant CoIDM.
In summary, different from collision inside the same (sub)halo, the momentum exchange for every collision of A and ψ between two DM halos has some preferred directions due to the large relative velocity. This will suppress the final state Bose enhancement and weaken the multiple scattering requirement for ψ. As a result, the A -dominant case is safe from these constraints, while ψ has some tension with them, but heavily depends on the velocity distribution.
Discussions. We want to list several issues related to CoIDM. 1) The self-interaction rate of dark photons A is much smaller than the interaction rate with ψ. The self-interactions cross section is about α 4 m 6 A /m 8 ψ , with α = g 2 /(4π), which is highly suppressed by the mass ratio of A and ψ. 2) Similar to the axion in the non-relativistic limit, there should have soliton solutions for vector DM. Using typical central density for Dwarf galaxies, one can obtain the soliton mass to be ∼ 2 × 10 6 M 10 −19 eV/m A 3/2 [39] , which is much smaller than Dwarf galaxy mass. Therefore, the soliton solutions do not affect the core profiles given by the CoIDM model in the galaxies. 3) In the early Universe, the collision rate between A and ψ is much larger, due to the higher number densities and smaller velocities. However, the interaction will only redistribute the energy in the dark sector, when A and ψ DM are non-relativistic and decoupled from the plasma. 4) The dark photons will have the plasma mass ∼ g ρ ψ /m 2 ψ , but it is smaller than the bare A mass in the parameter space in Fig. 1 . 5) We have considered the Thompson scattering between A and ψ, and all the exotic features coming from the existence of high number density of A in the space. Such collisions will lead to same kinetic energy of A and ψ, thus cool ψ due to the large number of A . However, there could also absorption of A which can heat up the plasma [73] , where the rate of absorption is about the collision rate of ψ themselves. In Fig. 1 , the region below the solid intersection lines, the friction induced by plasma collision is not significant to change A energy density. Moreover, at large g , ψ can dissipate its energy via A emission ψψ → ψψA [74? ], and we found the effect is small at both early universe and late time for the parameter space we consider. In summary, the g is small enough that both heating up via A absorption or cooling via A emission is negligible. Moreover, if we change our model that ultralight DM is a scalar field φ, with interaction with ψ via higher dimensional operator |φ 2 |ψψ/Λ, both effects can be avoided because φ number is conserved. 6) Besides the ultralight dark photons as DM, one can choose both DM ψ 1,2 as WIMP with mass hierarchy m 1 m 2 , (for small mass difference, see [75] ). When the self-interaction can be neglected, the subdominant DM can help the dominant one to thermalize. Although there is no occupation number enhancement, one still needs to consider the random walking suppression for the heavier DM particle and the forward-backward scattering cancellation, which leads to significant differences from SIDM. We list the relevant rates for this scenario in the supplemental material.
Conclusion. We introduce a subdominant DM ψ to assist the thermalization of the ultralight dark photon, which could help the latter to form a core profile, even with dark photon mass larger than 10 −21 eV. Therefore, the usual constraint from Lyman-α does not apply and the small structure issues for galaxies is solved. The scattering rates for ψ and A are enhanced by the large occupation number of A , and suppressed by the forwardbackward scattering cancellation, while the rate for ψ is further suppressed by multiple scattering requirement. Considering the limits from galaxies merger, ψ dominant case is possibly under constraints but depends on the velocity distributions, while in A dominant case, they are safe from these constraints. To make more concrete statements on the small scale issues in galaxies, N-body simulations are encouraged.
THE SUPPLEMENTAL MATERIAL
To be complete, we show here the next-leading term in the collisional kernel of eq. 3, when no N 1 is assumed. Without the large occupation number enhancement, it becomes the leading term in the case that both DM components are particles. It is useful for the two-component DM model which has mass hierarchy, for example χ 1,2 as Dirac DM with m 1 m 2 . We only allow interaction between them and neglect their self-interactions. Interestingly, the forward backward cancellation only appears in heavier DM χ 2 scattering rate. To be detailed, the collision kernel is now proportional to N 
n χ2 σv χ1χ2 .
